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Microstructure and pinning properties of hexagonal-disc shaped single crystalline MgB

C. U. Jung® J. Y. Kim, P. Chowdhury, Kijoon H. P. Kim, and Sung-lk L'ee
National Creative Research Initiative Center for Superconductivity and Department of Physics, Pohang University of Science and
Technology, Pohang 790-784, Republic of Korea

D. S. Koh
Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Republic of Korea

N. Tamura and W. A. Caldwell
Lawrence Berkeley National Laboratory, Advanced Light Source, 1 Cyclotron Road, MS-2-400 Berkeley, California 94720

J. R. Patel
Lawrence Berkeley National Laboratory, Advanced Light Source, 1 Cyclotron Road, MS 7-222 Berkeley, California 94720
and SSRL/SLAC, Stanford University, California 94309
(Received 6 March 2002; revised manuscript received 28 June 2002; published 27 November 2002

We synthesized hexagonal-disc-shaped Mghigle crystals under high-pressure conditions and analyzed
the microstructure and pinning properties. The lattice constants and the Laue pattern of the crystals from x-ray
micro-diffraction showed the crystal symmetry of MgBA thorough crystallographic mapping within a single
crystal showed that the edge aocxis of hexagonal-disc shape exactly matched[t‘dﬁO] and the[0001]
directions of the MgB phase. Thus, these well-shaped single crystals may be the best candidates for studying
the direction dependences of the physical properties. The magnetization curve and the magnetic hysteresis
curve for these single crystals showed the existence of a wide reversible region and weak pinning properties,
which supported our single crystals being very clean.
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[. INTRODUCTION in the zero-field-cooledZFC) state gives a rough indication
of the pinning strength, and this ratio is quite different for
The recent discovetyof superconductivity in MgB has  different single crystals. The magnetic hysteresis for single
attracted great scientific and industridl® interest. Even crystals having very weak pinning can be used to probe im-
though basic issues such as the carrier typere addressed purities. In one report, the magnetic hysteresis contained a
immediately, conflicting reports still exist, especially on the significant amount of paramagnetic compon€rin another
transport propertieSFor example, the residual resistivity ra- report, the magnetic hysteresis for an aggregation of single

tio (RRR) of bulk MgB, ranges from 1.2 to 3. crystals showed a large ferromagnetic contribution and a sig-
Higher quality bulk MgB (called high RRR-MgB) has  nificant irreversible magnetizatiof.
been claimed to have a higher values of RRB—25, a low For the above reasons, it is necessary to confirm the qual-

residual resistivityf p(40 K)<1 x cm], a higher magneto- ity of single crystals in more detail before performing the
resistancéMR), and a resistivity upturn at low temperature main measurements. The existence of impurities and struc-
under high magnetic fieléiinsulating impurities and/or local tural imperfections on a microscopic scale can result in di-
strains have been suggested as possible origins for these derse physical properties. Here, we report the growth of, as
ferent observation§:*' However, very recently, the existence well as x-ray microdiffraction and magnetization measure-
of unreacted Mg successfully explained the unusual enhanc#ents for, MgB single crystals with hexagonal-disc shapes
ment of the RRR and the MR in polycrystalline MgB and shiny surfaces. Our single crystals are unique as far as

Compared to the wide distribution of the RRR for poly- the shape is concerned. The diagonal length and the thick-
crystals, the RRR in thab-plane resistivity for single crys- ness for the largest crystal was about 100 anguh@ re-
tals has a narrow distributiof:'*The RRR of single crystals spectively. The crystallinity was thoroughly identified by us-
ranges from 5 to 6, which is much smaller than the values foing the Laue pattern in the x-ray microdiffraction
high RRR-MgB, bulk samples, but similar to the values for measurement. Both the edge and thaxis of the hexago-
well-prepared polycrystafs'®~16 The anisotropy factor ¢  nally shape disc were found to match the crystal symmetry.
~3) and the Debye temperatur® 1160+ 60 K) are also The magnetization study showed that pinning was very weak
consistent among various repotfs. for our hexagonal-disc-shaped single crystals.

It is interesting to note that the magnetic properties are
somewhat different for different single crystafs:>'8 The
superconducting transition width in the zero-field-cooled
magnetization for single crystals as large as a few hundred Two different procedures were used to grow the single
pum is a little bit broader than expected. The ratio of thecrystals, and in both cases, excess Mg was critical for the
low-field magnetization in the field-coolg@&C) state to that growth of single crystals. The first involved a two-step

II. EXPERIMENTS
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method in which already synthesized pieces of MgB
bulk'**were used as a seed material. They were heat treatefgs
in a Mg flux inside a Nb tube, which was sealed in an inert F

tube, which was sealed in vacuum. The quartz tube was &
heated for one hour at 1050°C, cooled very slowly to
700 °C for five to fifteen days, and then quenched to room;
temperature. The temperature dependences ofkplane :
resistivities forH||ab andH||c and high-resolution transmis-
sion electron microscope images have already been reporte
for the single crystals synthesized using this procedtire.

In the one-step method, 1:1 mixtures of Mg and B pow-
ders were well ground and pressed into a péfiathen, the
pellet was placed in a Ta capsule. This capsule was put in ¢
high-pressure cell equipped with a graphite heater. Hea C)
treatment was done inside a 14-mm cubic multi-anvil-type
press under 3 GPA?°The heating temperature was around  FIG. 1. SEM and polarizing optical microscope images of the
1300°C. The temperature was maintained for about 30 minmgB, single crystals with a hexagonal-disc sha@.MgB, made
utes, and then was slowly lowered to 800—900 °C. The finain a two-step process with a diagonal distance of aboyt&band
product was a pellet containing a mixture of single-with a thickness of about 4m. (b) High-resolution image at the
crystalline MgB, and Mg flux. corner of another crystal, and) polarizing optical microscope im-

It was found that the one-step method usually gave largeage of a single crystal grown in a one-step procé$sPolarizing
crystals, which was quite advantageous for the magnetizatiopptical microscope images of MgBsingle crystals. An epoxy was
study in this research. The crystal images were observed ugsed to fix six single crystals at the center of 1@@-wide Cu
ing a polarizing optical microscope and a fieId—emissionCVPSShairs- The crys?al t_anclpsed by a rectangle was scanned for
scanning electron microscop8EM). We successfully sepa- Microstructural mapping in Fig. 2.
rated single-crystalline MgBfrom the Mg flux by using a
thermomechanical spinning method. This method is possiblgerved by using a polarizing optical microscope had
due to the fact that the meltingind/or decompositiotem-  hexagonal-disc shapes with edge angles of 120° and very flat
perature of MgB is higher than that of Mg. and shiny surfaces. The sizes of the crystals were about

Single crystals with sizes of tens pfm were selectively 20—60um in diagonal length and 2—@m in thickness.
handled by using a homemade microtweezers and were fixgdgure 1b) shows a magnified view of the upper corner of
on Si substrates by using a photoresist as an epoxy. Since ta@other crystal. The smooth surfaces and the sharp edges
volume of one crystal made in the one-step process was stifionfirm that our small crystals had a very low probability of
rather small, we gathered about 200 single crystals on onkaving mosaic aggregates of nanocrystals either alonglthe
substrate with theic axes aligned perpendicular to the sub-plane or along the axis; thus, we had a better chance to
strate surfacé® For the x-ray micro-diffraction measure- study their intrinsic properties. The single crystals reported
ments, several crystals were fixed at the center of C$o far, except for those reported by us, have had irregular
crosshairs on the substrate, as shown in Fig).3 The Cu  shapes?'31®
crosshairs was used for the only purpose to facilitate the Figure Xc) shows a polarizing optical microscope image
location of the sample by looking at the Cu fluorescence. Thef a MgB, single crystal synthesized in a one-step process,
magnetic properties were measured with a SQUID magnetoahich resulted in larger crystals. The sizes of these crystals
meter(Quantum Design, MPML). were 30—10Qum in diagonal length, so they were picked for

The instrument used at the advanced light soAleS)  measurements of the magnetic properties and the x-ray mi-
for x-ray microdiffraction is capable of producing a crodiffraction.
submicron-size x-ray microbeam and with submicron spatial The crystal structure was identified by using white beam
resolution can probe the local texture in a single crystal. x-ray microdiffraction measurements. After positioning these
The sample was positioned using the Cu fluorescence signaingle crystals on the substrate in Figdjl a 100um
detected from the Cu crosshairs on the Si substrate by using 100 um region between the Cu crosshairs was scanned
a high-purity Ge ORTEC solid-state detector connected to avith a step size of 2um. At each step, the Laue pattern
multichannel analyzer. The crystal orientation with respect tdtogether with the CK fluorescence signalwas collected
the substrate can be determined with an accuracy of 0.01°with a BRUKER 6000 CCD camera which has an active area

of 9X9 cm and was placed about 4 cm above the sample
(2500 images, 1024 pixet 1024 pixel modg The exposure
Ill. RESULTS AND DISCUSSION time at each step was 1 s. An example of a Laue pattern
obtained from a MgB single crystal is shown in Fig.(d
(for clarity, the color of screen was changed from blue to

Figure Xa) shows a typical SEM image for a MgBingle  black. The Laue patterns with refined lattice parameters of

crystal synthesized in a two-step process. The crystals ola=3.0867-0.0003 A, c=3.5235-0.0003 A showed excel-
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A. SEM and microXRD

184519-2



MICROSTRUCTURE AND PINNING PROPERTIESO. . . PHYSICAL REVIEW B 66, 184519 (2002

white-beam scan. The orientation variations inside the single
crystal shown in the right bottom corner of Fig(dl are
shown in Figs. %) and Zc). Here the deviations of angle
from the mean valugs6.0° and 26.0°, respectivelare rep-
resented by a colored pixel with AmX 1 um area around
the measured spot. Figuréa2is the out-of-plane orientation
variation calculated as the angle between dlaxis and the
normal to the surface of the silicon substrate. The gradual
change of color from top to bottom of the crystal means that
angle between the crystalaxis and substrateaxis changes
from 6.2 to 5.8, indicating a slight bending of the crystal.
This assumption is also compatible with the fact that change
of angle along the horizontal direction in the figure is much
smaller. Another thing is that the crystal was put declined by
6 degrees over Si substrate, which can result in bending of
thin crystal during curing of epoxy existing between the
crystal and the substrate. Thus, the realxis distribution
seems to be quit lower than observed.

Figure Zc) shows the in-plane orientation variation cal-

culated as the angle between the meas{it€l0] direction

::?: :2:2 and a reference directidimorizontal direction in the figupe
y : The gradual change of color from top to bottom means that
s = . the angle changes from 26.2 to 25.8. The average value of
LD 025 26.0is just the same as that of the angle between one of the
g o _ g "% crystal edges and the reference direction. The in-plane orien-

tation also showed some inhomogeneities of up to about
0.2°. Some small region colored with white or black showed

FIG. 2. (Color) The region enclosed by the rectangle in Fig)1 3 |arger deviation of axes from other main region and might
was scanned with L grid and the scanned value at each spot wasye due to some defects.
denoted by a colored pixel with kmx 1 xm area.a) Arepresen- These mapping of orientation demonstrate that the orien-
tative image of an indexed Laue pattern from xray miCro-iaiinn of crystal axis of our hexagonal-disc-shaped single
T ot o o o s e hane GFytals s perect wilhin 02 A ecent sudy showed
; o A " . (000Y) twist grain-boundaries, formed by rotations along the
rom mean values (6.0° and 26.0°, respectiyeéfyshown in the . - o . -

. . — o ¢ axis (typically by about4°), were the major grain bound-
vertical colqr bars. The strains for t_l[\éOlO] and[0001] dlrecthns aries in polycrystalline MQB7 This kind of grain boundary
are shown in(d) and (e) where vertical color scale are in units of ; .

. . was attributed to the weaker bonding between Mg layer and
10 ° in strain. The lateral scales are the same(Br (c), (d), and B laver’ Note that bendi b din Fi Id not
(e) and a scale bar of 1am is only shown in(e). Outer black  layer. v .mg .0 Ser\{e n Ig(b:Z co_u .no.
regions in(b), (c), (d), and (¢) correspond to the Si substrate and give S|gn|f|c_ant lovgresitlmatmn of in-plane axis distribution,
black or white pixels inside the crystal area correspond to the de'Lhe realc-axis d,'Str'buuon §eems.to t_)e lower th,an observed
fects explained in the text. anq Iqwer than |n-plar_1e axis distribution of _the single crystal.

This is also compatible with weak bonding between Mg

lent agreement with a hexagonal MgBstructure &  layer and B layer.
=3.086 A, c=3.524 A, Space Group number191, Ref. The local strain mapping may also give information on
1). The silicon reflections from the substrate could be digi-the microstructure of the single crystal. The deviations of the
tally removed. Typically, more than 20 reflections with ener-reflections positions from unstrained crystal lattice yields the
gies ranging from 5 to 14 keV were indexed successfullydeviatoric(distortiona) components of the straidistortion
[For clarity, only brighter spots were indexed in the Fig. of the unit cel). Or, without reference crystal lattice, it can
2(a).] The (0009 reflection in the center of the pattern in Fig. gives a strain distribution. Figure§d@ and 4e) show the
2 corresponds to the direction of the normal to the crystafjeviatoric component alorfd 010] and[0001], respectively.
surface. This confirms that the surface plane normal is alongne color scale are in units of 16 in strain. All the distor-
the c axis. Moreover, the hexagonal edges of the crystalsions are calculated relatively to the lattice constant values
were found to match thgl 010] directions within a fraction  given in Nagamatsu’s papér.
of a degree resolution. Thus, the shapes of the crystals in the For both orientation, the regions with low strain are com-
microscope image followed the MgBcrystal symmetry, monly observed near the center and peripheral region, which
which will be quite useful for any research of the direction supports quantitative analysis as well as some qualitative
dependencies of the physical properties in MgB analysis®>® Compared with polycrystal, the single crystal ap-

Indexing the Laue patterns in Fig(&2 allowed us to cal- pears to be weakly biaxially strained in tension as indicated
culate the complete orientation matrix of the x-ray illumi- by the dominant positive valuged) for the in-plane unit cell
nated volume. A finer step size of Am was used for the axes compared to the dominant negatibkie) value for the

184519-3



C. U. JUNGet al. PHYSICAL REVIEW B 66, 184519 (2002

out-of-plane axis The overall strain variations of about 6 - T -

X 10~ 4 across the crystal surface is quite low but higher than § or H/iab ]

the technique resolution of about 19and would correspond § 5 " Hie

in variation of an unit on the last digit of Akimitsu’s lattice 8 H

parameter. The average strain values weyg=0.231x (1 i 4l e e e — ]

+0.141)10°3 andess= — 0.481x (1= 0.154)10° 3. As in the = R

case of the orientation map in Fig. 2, we observed some local e N

variations of the strain departing from these average values, § ol -

indicated by the white or black colored spots in the strain 3 al

maps. The reproducibility of these data was checked by per- § 5 :_:::' ]

forming two separate scans of the same area. I it (b)
The influence of lattice strain on the superconducting S S b

properties has been investigated also for polycrytalline 0 5 10 15 20 25 30 35 40 45

MgB,.! The variations in lattice strain and Mg vacancy con- T (,K)

centrations were obtained by varying the synthesis condi- 28:

tions. It was found that high strain{1%) and the presence e ool

of Mg vacancies 5% resulted in lowering th&_ by only R

2 K. Thus the strain of our crystals was more than 3 orders of & 20}

magnitude smaller than that of polycrystals, which implies = -gg-

the strain or Mg vacancy may not account for fhediffer- s s s
ence between our single crystal and polycrystals. 4 2 H((’T) 2 4
. ) FIG. 3. (a) Low-field magnetization curv (T) measured at 20
B. Magnetic properties Oe forH|c andH|ab. (b) Magnetization curves measured at 5000
To study the bulk nature of the superconductivity, weOe showed a wide reversible regidhn, (H=5000 Oe) was 26 and
measured the magnetization curMgT) and the magnetic 24 K for H||c andH||ab, respectively(c) The magnetic hysteresis
hysteresisv (H). Since the volume of one crystal was rather M(H) at 5 K; the symbols and the line are fbf|c and H|ab,
small, we fixed about 30 single crystals made in the one-stefgspectively.
process on a substrate without appreciable magnetic back-
ground with theirc axes aligned perpendicular to the sub- The weak pinning shown by the wide reversible region
strate surfacé Figure 3a) shows the magnetization curve was also consistent with the results of tiH) measure-
M (T) measured at 20 Oe in the ZFC and the FC states. Theent. TheM(H) at 5 K inFig. 3(c) showed negligible para-
T. onset was about 38 K. The FC signals for fields paralleimagnetic or ferromagnetic background up to 5 T. Reversible
and perpendicular to the axis were larger than 60% of the magnetization was dominant for thé(H) of our single
ZFC signals, which suggested that the pinning was vengrystals, which was quite consistent with fact that the pin-
weak. The overall shape was not much different for thesding in our single crystals was weak and with the existence
two orientations. The different values of the magnetic mo-of wide reversible region demonstrated by the lovéy
ment for the different field directions were due to a demagvalue in Fig. 3b). The different slopes of th#1(H) curves
netization effect caused by the planar-disc shapes of that the starting low fieldsH{ <300 Oe) for the different field
crystals?! The transition width in théV(T) curve was much directions were due to different demagnetization factors.
narrower than that for single crystals made in the two-step Previously, theM (H) for irregular shaped single crystals
method?! We also found that the average volume of the cryswas shown to have a non-negligible irreversible
tals made in the one-step process were about 25 times largeentributiort® and a quite large paramagnetic and/or ferro-
than the average volume of the crystals made in the two-stepiagnetic background signal, which might have been due to
process in the previous stuidyy the comparison of the ZFC  the existence of impuritieS:*® The results in Fig. 3 indicate
signal per one single crystal. that the strong bulk pinning previously reported for
The weak pinning was demonstrated by the magnetizatiopolycrystalliné* and thin film§ might be due to entirely ex-
at 5000 Oe and the magnetic hysteradigH) at 5 K, as  trinsic pinning sites, such as grain boundaries and crystallo-
shown in Figs. &) and 3c), respectively. With[M(H ") graphic defect® This is consistent with the absence of core
—~M(H")]=0.1 emu/cr as the criterion for the reversible pinning, even aff ~0.5x T, for bulk sample’
point, the values oT;,(H=5000 Oe) were 26 and 24 K for
H|_\(_: and_H||ab, respectively. At each temperature, the upper V. SUMMARY
critical fields obtained from the resistivity measurements
were about 1.7 and 6 T for our well-shaped single crygtals.  In summary, we report the structural and magnetic prop-
Thus, a very wide reversible region existed in our singleerties of MgB single crystals with hexagonal-disc shapes.
crystals, especially foH|lab. (H;, for bulk MgB, at T  The x-ray microdiffraction showed that the hexagonal-disc
=25 K was about 3 T8 which is about 6 times higher than shape of the single crystal followed the crystallographic
that of single crystalline MgR) symmetry, which will be very useful for studying
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orientation-dependent physical properties. Detailed crystallo- ACKNOWLEDGMENTS
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